Introduction
============

Insufficient blood supply to the myocardium may result in myocardial ischemia, injury or infarction, or all three. Myocardial injury (MI) leads to hypoxia and ultimately to myocardial necrosis ([@b1-ijmm-37-06-1501]). Although thrombolysis is one of the effective treatments currently available, only limited numbers of patients are eligible for treatment. It is therefore necessary to develop alternative effective treatments. The increased production of reactive oxygen species (ROS) is a major contributor to the initiation and development of ischemic MI ([@b2-ijmm-37-06-1501]). Excessive ROS production causes a number of adverse effects, including DNA mutagenesis, cellular dysfunction and lipid peroxidation, in the myocardium following ischemic injury ([@b3-ijmm-37-06-1501]). Thus, antioxidants are considered to exert protective effects against MI. The peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α) acts as a powerful suppressor of ROS production, and improves cardiac energy metabolism and delays the progression of heart failure ([@b4-ijmm-37-06-1501]--[@b6-ijmm-37-06-1501]). PGC-1α plays a critical role in mitochondrial biogenesis, and is a major regulator of the nuclear respiratory factors ([@b7-ijmm-37-06-1501]). Nuclear factor erythroid 2-related factor 2 (Nrf2) upregulates the transcription of cytoprotective genes, that reduce damage from oxidative stress ([@b8-ijmm-37-06-1501]). The PGC-1α/Nrf2 pathway is a promising therapeutic target for heart disease ([@b9-ijmm-37-06-1501],[@b10-ijmm-37-06-1501]).

According to the Compendium of Surger y (Wai Ke Da Cheng), the combination of *Carthamus tinctorius* L. and *Boswellia serrata* Roxb. ex Colebr. is widely used to protect against ischemic diseases. The principal active constituent of *C. tinctorius* is safflower yellow (SY) ([@b11-ijmm-37-06-1501]). Hydroxysafflor yellow A (HSYA), a water-soluble monomer of SY, is responsible for the main beneficial effects of SY ([@b12-ijmm-37-06-1501]). *C. tinctorius* extract is reported to improve cardiac function following myocardial ischemic injury by exerting antioxidant effects ([@b13-ijmm-37-06-1501],[@b14-ijmm-37-06-1501]). Acetyl-11-keto-β-boswellic acid (AKBA) is the major organic acid component extracted from *B. serrata* ([@b15-ijmm-37-06-1501],[@b16-ijmm-37-06-1501]). It is a pentacyclic triterpene which possesses antioxidant properties ([@b17-ijmm-37-06-1501]). In our previous study, we have demonstrated that AKBA protects against cerebral ischemia/reperfusion (I/R) injury in rats by activating the Nrf2 pathway in order to enhance the antioxidant capacity of brain tissue ([@b18-ijmm-37-06-1501]). However, the additional biochemical mechanisms responsible for the beneficial effects of HSYA and AKBA in the treatment of MI remain unclear. In addition, to the best of our knowledge, the synergistic cardioprotective effects of HSYA and AKBA in combination have not been investigated to date.

In the present study, we applied *in vivo* and *in vitro* ischemic paradigms to analyze the protective effects of HSYA and AKBA, alone and in combination. We aimed to provide evidence to elucidate the mechanisms through which HSYA and AKBA protect against MI.

Materials and methods
=====================

Materials
---------

Isoproterenol hydrochloride (ISO) was purchased from Sigma-Aldrich. (St. Louis, MO, USA). HSYA and AKBA were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The chemical structures of HYSA and AKBA are shown in [Fig. 1](#f1-ijmm-37-06-1501){ref-type="fig"}.

Animals
-------

Six-week old male Sprague-Dawley rats (250±20 g) were purchased from the Animal Research Center of the Fourth Military Medical University (Xi\'an, China). The animals were maintained in air-conditioned animal quarters at a temperature of 22±2°C under a 12 h light/12 h dark cycle with unlimited access to food and water. All procedures were approved by the Ethics Committee for Animal Experimentation of the Fourth Military Medical University. The rats were randomized into five groups each consisting of six rats: i) sham group; ii) ISO + vehicle group; iii) ISO + HSYA group; iv) ISO + AKBA group; v) ISO + HSYA + AKBA group. A rat model of focal MI was established using the method of ISO-induced myocardial necrosis. Briefly, ISO (100 mg/kg) was dissolved in saline and injected subcutaneously into the rats at 24 h intervals for 2 days ([@b19-ijmm-37-06-1501]). ISO-induced MI was confirmed by the measurement of elevated activity levels of cardiac markers, compared with those in the normal rats. AKBA and HSYA were first dissolved in 2 ml of 0.5% dimethyl sulfoxide (DMSO) solvent, and then diluted with physiological saline. The rats in the ISO + HSYA group were administered HSYA (100 mg/kg) through intragastric tubes. The rats in the ISO + AKBA group were administered AKBA (100 mg/kg) through intragastric tubes. The rats in the ISO + HSYA + AKBA group were administered HSYA (50 mg/kg) and AKBA (50 mg/kg) through intragastric tubes. The doses of HSYA and AKBA was selected based upon previous studies ([@b20-ijmm-37-06-1501],[@b21-ijmm-37-06-1501]). The rats in the sham and ISO + vehicle groups were administered orally 2 ml of 0.5% DMSO through intragastric tubes. The rats were gavaged for 14 days, and then subcutaneously injected with ISO at 24 h intervals for 2 consecutive days on the 15th and 16th day.

Cell culture
------------

The rat H9C2 cardiomyocyte cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum at 37°C in a CO~2~ incubator. The medium was replaced every 2 days, and the cells were subjected to experimental procedures at 80--90% confluence.

Oxygen-glucose deprivation (OGD) and reoxygenation in H9C2 cells
----------------------------------------------------------------

The H9C2 cells were randomly divided into five groups: i) sham group without any treatment; ii) OGD + vehicle group; iii) OGD + HSYA group (10*µ*M); iv) OGD + AKBA group (10 *µ*M); v) OGD + HSYA + AKBA group (HSYA, 5 *µ*M and AKBA, 5 *µ*M). The H9C2 cells were pre-treated with the above-mentioned drugs for 24 h. To simulate ischemic-like conditions *in vitro*, the cells were subjected to OGD for 4 h. The OGD procedures were based on a previously described method ([@b22-ijmm-37-06-1501]). Briefly, the H9C2 cells were washed with a solution (5 mM HEPES, 137 mM NaCl, 4 mM KCl, 1 mM MgCl~2~, 1.5 mM CaCl~2~, pH 7.0). The cells were incubated in glucose-free DMEM and then placed in a hypoxic incubator (37°C, 95% N~2~, 5% CO~2~) (Billups-Rothenberg, Del Mar, CA, USA). After 4 h of anoxia, the cells were subjected to reoxygenation and cultured under normal conditions in a CO~2~ incubator for 20 h.

Histopathology
--------------

At the end of the experimental period, the rats were anesthetized with hydral (400 mg/kg, i.p.). The hearts were rapidly excised. Following removal, the cardiac apex was immediately fixed in 4% paraformaldehyde, routinely processed and embedded in paraffin wax. The cardiac apex was stained with hematoxylin and eosin (H&E) and examined under a light microscope (Olympus IX71; Olympus, Tokyo, Japan).

Measurement of MI markers in the serum
--------------------------------------

Following experimental treatment, artexrial blood was collected and centrifuged at 16,000 rpm for 10 min. The serum was used to assay creatine kinase-MB (CK-MB) and lactate dehydrogenase (LDH) activities. The levels of CK-MB and LDH were assayed using commercial kits purchased from Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer\'s instructions. An enzyme-linked immunosorbent assay was used to detect CK-MB and LDH levels with a microplate reader at 450 and 490 nm (Thermo Fisher Scientific, Waltham, MA, USA). CK-MB and LDH levels were also measured in the H9C2 cells. We determined the levels of CK-MB and LDH in the culture medium.

TUNEL assay and Hoechst 33258 staining for detection of cell apoptosis
----------------------------------------------------------------------

Cell apoptosis was analyzed by performing the TUNEL assay *in vivo* and Hoechst 33258 staining *in vitro*. The TUNEL assay was performed using an *In Situ* Cell Death Detection kit (KeyGen Biotech, Nanjing, China). The paraffin-embedded tissue was washed twice with xylene for 10 min, and then with distilled water and graded concentrations of ethanol (absolute, 95, 90, 80, 70 and 50%). After washing with phosphate-buffered saline (PBS), the slides were immersed in a solution with 20 *µ*g/ml proteinase K for 10 min at 37°C, and then permeabilized in a solution with 0.1% Triton X-100 and 0.1% sodium citrate for 5 min. The cells were washed once with DAPI-methanol (1 *µ*g/ml) and were then covered with DAPI-methanol and incubated for 15 min at 37°C. After fluorescein staining with terminal deoxynucleotidyl transferase (TdT) and avidin-FITC, the individual nuclei were examined under a fluorescence microscope. The number of apoptotic nuclei was determined as a percentage of the total number of cells. An average of 300-400 nuclei were analyzed from each slide.

The H9C2 cells were stained with Hoechst 33258 and the nuclei were imaged. The AKBA/HSYA-treated H9C2 cells were washed twice with PBS, and incubated with 10 *µ*M Hoechst 33258 at room temperature for 30 min. After three washes, the cells were grown on glass coverslips. The slides were examined for any nuclear morphological alterations and apoptotic bodies under an inverted fluorescence microscope (Olympus IX71; Olympus).

Detection of ROS
----------------

Mitochondrial ROS production in the H9C2 cells was assessed using MitoSOX Red mitochondrial superoxide indicator (Invitrogen, Carlsbad, CA, USA). The H9C2 cells were seeded in a 6-well plate and grown to a density of 1×10^6^ cell/ml. The cells were loaded with 5 *µ*M MitoSOX Red for 15 min at 37°C in a CO~2~ incubator after 24 h of incubation with HSYA and/or AKBA. The cells were then carefully washed twice with PBS. Fluorescence was read at 510 nm (excitation) and 580 nm (emission). The fluorescence intensity was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Assessment of mitochondrial membrane potential (ΔΨm or MMP)
-----------------------------------------------------------

ΔΨm was assessed using a flow cytometer (FACScan; Becton-Dickinson, Frankin Lakes, NJ, USA) using 5,5′,6,6′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye (KeyGen Biotech) according to the manufacturer\'s instructions. The H9C2 cells were stained with JC-1 for 15 min at 37°C in a CO~2~ incubator following 24 h of incubation with HSYA and/or AKBA. Green fluorescence was analyzed in the FL-1 (FITC) channel and red fluorescence was analyzed in the FL-2 (PE-A) channel. The fluorescence intensity was acquired for 10,000 events. The ratio of aggregated JC-1 and monomeric JC-1 represented the ΔΨm of the H9C2 cells.

Evaluation of lipid peroxidation and antioxidant enzyme levels
--------------------------------------------------------------

After experimental treatment, the homogenates were centrifuged at 16,000 rpm for 10 minutes. The resulting supernatant and the culture medium of the H9C2 cells was used to assay malondialdehyde (MDA) levels and superoxide dismutase (SOD) activity, according to the manufacturer\'s instructions, on a microplate reader at 560 and 532 nm. The commercially available assay kits were purchased from Jiancheng Bioengineering Institute.

Immunohistochemical analysis
----------------------------

The paraffin sections (5 mm thickness) were deparaffinaged in xylene, and then rehydrated with various grades of ethanol (100, 95, 90, 80 and 70%). The sections were exposed to 3% H~2~O~2~ for 10 min at 37°C, and treated with citrate-buffered saline for 15 min at 95°C. By incubating the sections in 10% bovine serum albumin, non-specific binding of immunoglobulins was blocked for 10 min. Subsequently, the sections were incubated overnight at 4°C with primary antibodies, Nrf2 (ab31163, 1:1,000 dilution) or PGC-1α (ab54481, 1:1,000 dilution) (both from Abcam, Cambridge, MA, USA) and then rinsed with PBS and incubated for 1 h with peroxidase-conjugated secondary antibody. The sections were visualized with 4′,6-diamidino-2-phenylindole (DAPI) for nuclear counterstaining. Finally, the stained sections were examined under a fluorescence microscope (Olympus).

Protein extraction and western blot analysis
--------------------------------------------

The cultured H9C2 cells were washed three times with ice-cold PBS and then harvested by scraping and centrifugation (16,000 × g for 15 min at 4°C). The sediment was lysed in Animal Cell Lysis solution containing 1 mM protease inhibitor cocktail and phosphatase inhibitor mix (Tiandz, Inc., Beijing, China) on ice for 30 min. The lysates were collected by centrifugation at 4°C for 15 min at 12,000 rpm. After quantifying the protein concentration using a Coomassie (Bradford) Protein Assay kit (Tiangen Biotech, Beijing, China) with a microplate reader at 595 nm (Thermo Fisher Scientific), the lysates were boiled for 5 min at 100°C in loading buffer. Total protein (20 *µ*g) was subjected to 8% SDS-PAGE and transferred onto nitrocellulose membranes (Millipore Corp., Billerica, MA, USA), and blocked for 30 min at 37°C with 5% skim milk. The membranes were incubated with the respective primary antibodies, namely Nrf2 (1:1,000 dilution) and PGC-1α (1:1,000 dilution) (both from Abcam) and β-actin (1:5,000 dilution; Sigma-Aldrich) overnight at 4°C. After extensive washing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies in TBST solution for 30 min at 37°C, and then washed as described above. The bands were visualized with an ECL-Plus chemiluminescence kit (Millipore Corp.) and the signals were scanned and quantified by densitometric analysis (Bio-Rad, Richmond, CA, USA). β-actin was used as a total protein loading control.

Statistical analysis
--------------------

Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by a least significant difference (LSD) test for multiple comparisons, using SPSS version 13.0 statistical software. P\<0.05 was considered to indicate a statistically significant difference. All the results in this study are presented as the means ± SD.

Results
=======

HSYA and AKBA exert protective effects against MI
-------------------------------------------------

Histopathological analysis of the rat cardiac tissue was performed under a light microscope. Normal cardiac muscle fibers without necrosis, a branched appearance and continuity with adjacent myofibrils were observed in the sham group. Marked myofibrillar degeneration, necrosis, edema and infiltration with neutrophil granulocytes were found in the ISO-exposed group. However, HSYA and AKBA exerted protective effects against MI, and the combination of HSYA and AKBA appeared to be more effective ([Fig. 2](#f2-ijmm-37-06-1501){ref-type="fig"}). ISO-induced MI caused the release of CK-MB and LDH into the bloodstream. Significant increases in the levels of CK-MB and LDH were detected in the ISO-exposed group compared with those in the sham group. Treatment with HSYA or AKBA reduced the ISO-mediated increase in the levels of CK-MB and LDH ([Fig. 3A and B](#f3-ijmm-37-06-1501){ref-type="fig"}). To model ischemic-like conditions *in vitro*, H9C2 cells were subjected to transient OGD. HSYA and AKBA also markedly decreased CK-MB and LDH levels in the H9C2 cells following OGD ([Fig. 3C and D](#f3-ijmm-37-06-1501){ref-type="fig"}). A combination of HSYA and AKBA exerted synergistic effects *in vivo* and *in vitro* ([Fig. 3](#f3-ijmm-37-06-1501){ref-type="fig"}).

Furthermore, the protective effects of HSYA and AKBA against myocardial damage were confirmed by TUNEL staining on sections of the rat myocardium isolated 48 h after the induction of ischemia by ISO ([Fig. 4A](#f4-ijmm-37-06-1501){ref-type="fig"}). In the ISO-exposed group, TUNEL-positive cells were densely distributed in the myocardium. The HSYA- and AKBA-treated groups exhibited fewer numbers of TUNEL-positive cells. The percentage of TUNEL-positive cells in the ischemic myocardium decreased from 34.57 to 19.47% or 19.61% following treatment with HSYA or AKBA, respectively (n=6 rats/group; P\<0.05) ([Fig. 4B](#f4-ijmm-37-06-1501){ref-type="fig"}). HSYA and AKBA in combination further decreased the percentage of TUNEL-positive cells compared with that in the HSYA or AKBA groups (P\<0.05) ([Fig. 4B](#f4-ijmm-37-06-1501){ref-type="fig"}). Representative photomicrographs of Hoechst 33258 staining are shown in [Fig. 4C](#f4-ijmm-37-06-1501){ref-type="fig"}. The majority of the H9C2 cells in the group subjected to OGD appeared shrunken with triangulated, pycnotic nuclei. By contrast, the extent of cell damage was substantially reduced in the HSYA- and AKBA-treated groups ([Fig. 4C](#f4-ijmm-37-06-1501){ref-type="fig"}).

HSYA and AKBA attenuate oxidative stress
----------------------------------------

Assessment of the mitochondrial ROS levels demonstrated that HSYA and AKBA effectively reduced the OGD-induced increase in mitochondrial ROS levels ([Fig. 5A](#f5-ijmm-37-06-1501){ref-type="fig"}). The OGD-induced decrease in ΔΨm was partly prevented by HSYA or AKBA ([Fig. 5B](#f5-ijmm-37-06-1501){ref-type="fig"}). A combination of HSYA and AKBA induced a further decrease in ROS levels and an increase in ΔΨm compared with the HSYA- or AKBA-treated H9C2 cells subjected to OGD ([Fig. 5A and B](#f5-ijmm-37-06-1501){ref-type="fig"}). The MDA level, which is an index of lipid peroxidation, was increased in the groups exposed to ISO or OGD conditions compared with that in the sham groups. A reduction in the MDA level was observed in the HSYA- or AKBA-treated groups (n=6 rats/group; P\<0.05) ([Fig. 5C and E](#f5-ijmm-37-06-1501){ref-type="fig"}). SOD activity was decreased in the groups exposed to ISO or OGD conditions compared with that in the sham groups, and was restored by HSYA or AKBA (n=6 rats/group; P\<0.05) ([Fig. 5D and F](#f5-ijmm-37-06-1501){ref-type="fig"}). A combination of HSYA and AKBA induced a further decrease in the MDA level and a further increase in SOD activity in the groups which were exposed to ISO or OGD conditions ([Fig. 5C--F](#f5-ijmm-37-06-1501){ref-type="fig"}).

HSYA and AKBA increase the expression of PGC-1α and Nrf2
--------------------------------------------------------

To determine whether PGC-1α/Nrf2 signaling is involved in the cardioprotective effects exerted by HSYA or AKBA, the expression of PGC-1α and Nrf2 in the rat myocardium and the H9C2 cells was evaluated by immunohistochemistry and western blot analysis, respectively. Immuhistochemical analysis of the myocardium revealed that HSYA or AKBA increased the expression of PGC-1α and Nrf2 following ISO exposure ([Fig. 6A and B](#f6-ijmm-37-06-1501){ref-type="fig"}). This was consistent with the results of western blot analysis which revealed that the expression of PGC-1α and Nrf2 in the H9C2 cells was upregulated by HSYA or AKBA following exposure to OGD conditions ([Fig. 6C](#f6-ijmm-37-06-1501){ref-type="fig"}). HSYA and AKBA in combination further enhanced the expression of PGC-1α and Nrf2 in the H9C2 cells compared with either HSYA or AKBA alone (n=6 rats/group; P\<0.05) ([Fig. 6C](#f6-ijmm-37-06-1501){ref-type="fig"}).

Discussion
==========

In the present study, we confirmed the protective effects of HSYA and AKBA against MI. Pre-treatment with HSYA and AKBA significantly inhibited tissue damage and cell death by decreasing mitochondrial ROS levels due to the increased expression of PGC-1α and Nrf2. In addition, HSYA and AKBA in combination appeared to exert a synergistic cardioprotective effect.

Oxidative stress plays a critical role in the pathophysiology of myocardial ischemic injury ([@b23-ijmm-37-06-1501]). HSYA and AKBA are capable of neutralizing the increased mitochondrial ROS production ([Fig. 5A](#f5-ijmm-37-06-1501){ref-type="fig"}). The first oxygen reduction product generated in mitochondria is superoxide (O~2~^−^), which may be converted to H~2~O~2~ ([@b24-ijmm-37-06-1501]). To determine whether intracellular O~2~^−^ levels were decreased by HSYA and AKBA following MI, we stained the cells with MitoSOX Red, a superoxide-sensitive mitochondria-targeted hydroethidine analog. Taken together, these findings demonstrated that HSYA and AKBA enhanced the ability of cardiac mitochondria to decompose H~2~O~2~. Mitochondria are the principal source of endogenous ROS in the majority of mammalian cell types. Mitochondrial alterations are closely associated with ROS generation ([@b25-ijmm-37-06-1501]). During ischemia, mitochondria generate large quantities of ROS. However, excessive ROS production also damages mitochondria ([@b26-ijmm-37-06-1501],[@b27-ijmm-37-06-1501]). The destruction of mitochondrial integrity is associated with disruption of the ΔΨm. It has also been demonstrated that the increased permeabilization of the mitochondrial membrane may lead to increased intracellular ROS generation ([@b28-ijmm-37-06-1501]). Mitochondria are a key therapeutic target in MI. The results demonstrated that HSYA and AKBA largely maintained the ΔΨm following OGD ([Fig. 5B](#f5-ijmm-37-06-1501){ref-type="fig"}).

The antioxidant system is a compensatory mechanism for hyperoxidation which protects against oxidative injury. The effective ROS scavenger, SOD, is therefore essential for protective tissue functions. SOD is one of the major H~2~O~2~-inducible antioxidant enzymatic defenses, which plays an important role in neutralizing oxygen free radicals ([@b29-ijmm-37-06-1501]). MDA is not only generated by oxidative stress-induced peroxidation but also by the interaction between free radical or lipid peroxyl radicals (LOO^•^) with lipid molecules ([@b30-ijmm-37-06-1501]). In the present study, the reduced activity of SOD and the increased levels of MDA were due to increased oxidative stress following ISO-induced MI. Reduced SOD activity and increased MDA levels may be attributable to the accumulation of free radicals in the heart and irreversible depletion of the endogenous antioxidant system. Consistent with previous findings ([@b31-ijmm-37-06-1501]), a significant increase in SOD activity and a decrease in MDA levels were observed in the HSYA or AKBA groups, in the present study ([Fig. 5](#f5-ijmm-37-06-1501){ref-type="fig"}). HYSA and AKBA reduced ROS levels, enhanced SOD activity and inhibited lipid peroxidation, therefore alleviating MI.

Mitochondria are the principal sites of ROS production ([@b32-ijmm-37-06-1501]). PGC-1α and Nrf2 are the major regulators of mitochondrial biogenesis and activity ([@b6-ijmm-37-06-1501],[@b7-ijmm-37-06-1501]). PGC-1α and Nrf2 regulate the expression of a set of antioxidant-related genes which remove ROS through sequential enzymatic reactions ([@b9-ijmm-37-06-1501],[@b33-ijmm-37-06-1501]). Thus, they are the key components involved in the maintenance of cellular redox homeostasis following oxidative stress-induced MI ([@b10-ijmm-37-06-1501]). Consequently, compounds that interfere with the PGC-1α/Nrf2 pathway may have the potential to be used as cardioprotective agents. It has been previously demonstrated that HSYA exerts neuroprotective effects against cerebral I/R injury through its antioxidant action ([@b34-ijmm-37-06-1501]). HSYA has been reported to protect H9C2 cardiomyocytes against apoptosis through the PI3K/Akt/Nrf2 pathway ([@b14-ijmm-37-06-1501]). Additionally, AKBA was demonstrated to exert antioxidant effects thereby protecting against cerebral ishemic injury in the rat brain through the Nrf2/heme oxygenase-1 (HO-1) pathway ([@b18-ijmm-37-06-1501]). Consequently, it is important to examine the antioxidant activity of HSYA and AKBA and the role of these compounds in modulating the PGC-1α/Nrf2 pathway. In the present study, HSYA and AKBA markedly increased the expression of PGC-1α and nuclear Nrf2 in rats with ISO-induced MI as well as in the H9C2 cells subjected to OGD. The activation of PGC-1α and Nrf2 is known to stimulate mitochondrial biogenesis and to activate enzymes. Following nuclear translocation, PGC-1α promotes the expression of its target genes and thus, maintains the basal and inducible expression of a number of antioxidant genes. It has been found that PGC-1α relies on docking to particular transcription factors in order to perform different biological programs ([@b35-ijmm-37-06-1501]). The transcriptional activation of mitochondrial biogenesis is dependent on docking of Nrf2. Increased Nrf2 activity is associated with an enhanced antioxidant defenses and tolerance to stress-induced tissue pathologies ([@b36-ijmm-37-06-1501]).

In clinical practice, the concept of multidrug interventions for MI has received much attention ([@b37-ijmm-37-06-1501]--[@b39-ijmm-37-06-1501]). Drugs act synergistically when lower concentrations of both drugs produce better efficacy than monotherapy with either agent. The synergistic mode of action of drugs should be given priority when multi-drug therapy is indicated. In comparison with monotherapy, the potential advantages of the combination drug therapy are: i) lower doses of drugs improve treatment efficacy; ii) reduced adverse effects and drug toxicities. The present study demonstrated the synergistic actions of HSYA and AKBA to produce cardioprotective effects ([Figs. 2](#f2-ijmm-37-06-1501){ref-type="fig"}[](#f3-ijmm-37-06-1501){ref-type="fig"}--[4](#f4-ijmm-37-06-1501){ref-type="fig"}). In support of this notion, the administration of HSYA and AKBA in combination exerted synergistic antioxidant effects ([Fig. 5](#f5-ijmm-37-06-1501){ref-type="fig"}). Western blot analysis revealed the synergistic effects of AKBA and HSYA on PGC-1α expression *in vitro* ([Fig. 6C](#f6-ijmm-37-06-1501){ref-type="fig"}). HSYA and AKBA in combination decreased mitochondrial superoxide production and largely maintained ΔΨm, thus, leading to further protection against MI compared with HSYA or AKBA alone.

Overall, the results of the present study have demonstrated that HSYA and AKBA are effective in protecting against MI by alleviating mitochondria-dependent oxidative stress, through the enhanced expression of PGC-1α and Nrf2. In addition, HSYA and AKBA appear to exert synergistic cardioprotective effects.

The present study was supported by grants from the National Natural Science Foundation of China (nos. 81373947 and 81201985) and the Key Technologies for New Drug Innovation and Development of China (nos. 2011ZXJ09202-13 and 2012BAK25B00).
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![Chemical structure of (A) hydroxysafflor yellow A (HSYA; molecular weight, 612\] and (B) acetyl-11-keto-β-boswellic acid (AKBA; molecular weight, 512).](IJMM-37-06-1501-g00){#f1-ijmm-37-06-1501}

![Hydroxysafflor yellow A (HSYA) and acetyl-11-keto-β-boswellic acid (AKBA) prevent isoproterenol hydrochloride (ISO)-induced pathological changes in rat heart tissue (heart tissues were stained with H&E and visualized under a light microscope at ×400 magnification).](IJMM-37-06-1501-g01){#f2-ijmm-37-06-1501}

![Hydroxysafflor yellow A (HSYA) and acetyl-11-keto-β-boswellic acid (AKBA) protect against myocardial injury (MI). The induction of MI by isoproterenol hydrochloride (ISO; 100 mg/kg) was performed after treating the rats with either HSYA (100 mg/kg) or AKBA (100 mg/kg) alone, or a combination of HSYA (50 mg/kg) and AKBA (50 mg/kg) for 14 days. We measured (A) serum creatine kinase-MB (CK-MB) levels and (B) serum lactate dehydrogenase (LDH) levels. (C and D) HSYA and/or AKBA protected H9C2 cells against oxygen-glucose deprivation (OGD)-induced cell damage. The H9C2 cells were subjected to OGD following treatment with either HSYA (10 *µ*M) or AKBA (10 *µ*M), or a combination of HSYA (5 *µ*M) and AKBA (5 *µ*M) for 24 h. We measured (C) CK-MB activity and (D) LDH activity in the culture supernatant. The results are presented as the means ± SD; ^\*^P\<0.05 vs. ISO or OGD group; ^\#^P\<0.05 vs. HSYA or AKBA group; ^\*\*^P\<0.01 vs. Sham group.](IJMM-37-06-1501-g02){#f3-ijmm-37-06-1501}

![Pre-treatment with hydroxysafflor yellow A (HSYA) and acetyl-11-keto-β-boswellic acid (AKBA) inhibits apoptosis. (A) The induction of myocardial injury by isoproterenol hydrochloride (ISO; 100 mg/kg) was performed after treating the rats with either HSYA (100 mg/kg) or AKBA (100 mg/kg) alone, or a combination of HSYA (50 mg/kg) and AKBA (50 mg/kg) for 14 days. The inhibitory effects of HSYA and AKBA on apoptosis in the rats exposed to ISO were evaluated using the TUNEL assay. (B) The quantitative results of TUNEL staining in rat hearts following different treatments are shown. (C) Effects of HSYA and AKBA on nuclear morphological changes in cardiomyocytes subjected to oxygen-glucose deprivation (OGD). The H9C2 cells were stained with Hoechst 33258 (magnification, ×400). Results are presented as the means ± SD; ^\*^P\<0.05 vs. ISO group; ^\#^P\<0.05 vs. HSYA or AKBA group.](IJMM-37-06-1501-g03){#f4-ijmm-37-06-1501}

![Hydroxysafflor yellow A (HSYA) and acetyl-11-keto-β-boswellic acid (AKBA) attenuate oxidative stress. H9C2 cells were treated with HSYA (10 *µ*M) and AKBA (10 *µ*M) for 24 h prior to oxygen-glucose deprivation (OGD) for 4 h, followed by incubation under normal conditions. Data are presented as the means ± SD of five independent experiments. (A) Intracellular reactive oxygen species (ROS) level. (B) The cells were incubated with JC-1 (10 ng/ml) for 30 min, and mitochondrial membrane potential (ΔΨm or MMP) was analyzed by flow cytometry. The bar diagram shows the percentage of red fluorescence to green fluorescence. (C and D) The rats were treated with either HSYA (100 mg/kg) or AKBA (100 mg/kg) alone, or a combination of HSYA (50 mg/kg) and AKBA (50 mg/kg) for 14 days prior to the administration of isoproterenol hydrochloride (ISO;100 mg/kg) for 2 days, to induce myocardial injury. Determination of (C) malondialdehyde (MDA) levels and (D) superoxide dismutase (SOD) activity in the rat myocardium. Determination of (E) MDA levels and (F) SOD activity under OGD conditions. ^\*^P\<0.05 vs. ISO or OGD group; ^\#^P\<0.05 vs. HSYA or AKBA group.](IJMM-37-06-1501-g04){#f5-ijmm-37-06-1501}

![Expression of peroxisome proliferator activated receptor gamma coactivator-1α (PGC-1α) and nuclear factor erythroid 2-related factor 2 (Nrf2). (A) PGC-1α and (B) Nrf2 expression was induced by hydroxysafflor yellow A (HSYA) and/or acetyl-11-keto-β-boswellic acid (AKBA) in the rats with isoproter-AKBA) in the rats with isoproterenol hydrochloride (ISO)-induced MI (magnification, ×400). Immunohistochemical analysis was performed on the tissue samples in order to determine Nrf2 and PGC-1α expression. (C) PGC-1α and Nrf2 expression in cultured H9C2 cells was evaluated by western blot analysis. The intensity of each band was quantified by densitometry. Data represent the means ± SD; ^\*^P\<0.05 compared with oxygen-glucose deprivation (OGD) group; ^\#^P\<0.05 vs. HSYA or AKBA group.](IJMM-37-06-1501-g05){#f6-ijmm-37-06-1501}
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